Abstract. -We address the intrinsic multimode nature of the quantum state of light obtained by pulsed spontaneous parametric downconversion and develop a theoretical model based only on experimentally accessible quantities. We exploit the pairwise entanglement as a resource for conditional multimode measurements and derive closed formulas for the detection probability and the density matrix of the conditional states. We present a set of experiments performed to validate our model in different conditions that are in excellent agreement with experimental data. Finally, we evaluate nonGaussianity of the conditional states obtained from our source with the aim of discussing the effects of the different experimental parameters on the efficacy of this type of conditional state preparation.
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Nonclassical states of the radiation field represent a resource for quantum information and communication and much attention has been devoted to their generation schemes. As a matter of fact, beside squeezing, nonclassical effects are generally observed in connection with nonGaussian states of light, and this usually implies the presence of fluctuating parameters [1, 2] or of nonlinearities higher than the second order are involved (e.g. the Kerr effect [3] [4] [5] ) in the generation scheme. On the other hand, the reduction postulate provides an alternative mechanism to achieve effective nonlinear dynamics. In fact, if a measurement is performed on a portion of a composite entangled system, the other component is conditionally reduced according to the outcome of the measurement. The resulting dynamics may be highly nonlinear, and may produce quantum states that cannot be generated by currently achievable nonlinear processes [6] . The efficiency of the process, i.e. the rate of success in getting a certain state, is equal to the probability of obtaining a certain outcome from the measurement and it may be higher than nonlinear efficiency, thus making conditional schemes possibly convenient even when a corresponding Hamiltonian process exists.
The nonlinear dynamics induced by conditional measurements has been analyzed for a large variety of schemes [6] [7] [8] [9] [10] [11] [12] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , including photon addition and subtraction schemes [8-10, 12, 13] , optical state truncation of coherent states [14] , generation of cat-like states [15] [16] [17] , state filtering by active cavities [18, 19] , synthesis of arbitrary unitary operators [20] and generation of optical qubit by conditional interferometry [21] . More recently, nonGaussianity of states and operations has been recognized as a relevant resource for a series of tasks including entanglement distillation [28] [29] [30] [31] and improvements in both teleportation [8] [9] [10] 32] , cloning [33] and storage [34] . Conditional state generation has been achieved in the low energy regime [35] [36] [37] by using single-photon detectors, and the question arises whether analogue schemes may be used also in the mesoscopic domain [38] .
In this paper we address multimode conditional measurements and demonstrate a novel bright source of nonclassical states [39] based on (i) pulsed multimode spontaneous parametric down-conversion (PDC) [40] [41] [42] [43] [44] [45] [46] [47] , which produces entangled states with a mesoscopic number of p-1 photons and (ii) a conditional intensity measurement performed by photoemissive detectors, called hybrid photodetectors, that are able to partially resolve the number of detected photons [48] . We develop a theoretical model based only on experimentally accessible quantities and derive closed formulas for both the detection probabilities and the conditional states. We find an excellent agreement with the experimental data and succeed in evaluating the amount of nonGaussianity of the conditional states despite the multimode character of the entangled state.
The pair of intense correlated beams obtained by pulsed PDC represents a convenient system for state preparation by conditional measurements. In this case, the state outgoing the crystal is intrinsically multimode because of the pulsed nature of the pump and the properties of the nonlinear interaction [42, 49] , whereas correlations are provided by the pairwise entanglement induced by spontaneous PDC. If we assume that the output energy is equally distributed among the µ modes of each beam, then the overall multimode state produced by pulsed PDC can be written as a tensor product of µ identical twin-beam states, i.e.,
n |n ⊗ |n with λ 2 = N/(µ + N ), N being the mean total number of photons in either of the two beams. In our scheme, which is sketched in Fig. 1 , conditional preparation is obtained when one of the two beams undergoes a photon counting process. If we assume that the detector efficiency η is the same for each of the µ modes, the probability operatorvalued measure (POVM){Π m } describing the detection of m photoelectrons may be written as
where q = {q 1 , . . . , q µ }, γ = µ k=1 q k , δ hk is the Kronecker delta, and
denotes single-mode photon counting POVM. The joint probability distribution of photoelectrons is given by
, that, after some algebra, reads
= ηN is the total mean number of photoelectrons measured on each of the two beams. Notice that (1) only contains quantities that can be experimentally accessed by direct detection.
When one beam is detected, say the idler, and t photoelectrons are obtained in the measurement, the corresponding conditional state of the signal is given by
is the marginal probability of measuring t photoelectrons on the idler beam. After some calculations we arrive at
where θ(x) is the Heaviside step function,
and
is the mean number of photoelectrons for the conditional state ̺ t . Similarly, upon selecting a set of possible results t ∈ T according to a given rule T , a suitable engineering of the conditional state ̺ T may be achieved. As an example, we will consider the states
obtained by keeping the photoelectrons on the idler that are larger or smaller than a given threshold t * . The experimental setup is sketched in Fig. 1 . The light source was a Nd:YLF ps-pulsed laser (High-Q Laser Production, Austria) with built-in second and third harmonic generation. The output at the fundamental (1047 nm) and that at the third harmonics (349 nm) were used to produce a UV pump field (261.75 nm) via non-collinear sum-frequency generation in a BBO crystal (β-BaB 2 O 4 , Castech, China, cut angle 37
• , 8 mm length). The pump was then sent into another BBO crystal (Kaston, China, cut angle 48.84
• , 4 mm length) to produce pairwise entanglement at 523.5 nm, in order to match the maximum quantum efficiency (η ∼ 50%) of our hybrid photodetectors (R10467U-40, Hamamatsu, Japan). For their photonnumber resolving power, these detectors proved to be useful in reconstructing detected-photon distributions [48, 50] . Here we exploit their features to perform both conclusive and inconclusive conditional measurements of the photon number. The UV stray light was cut-off by a filter and by two harmonic separators. Signal and idler were selected by two pin-holes (200 or 300 µm diameter, located at 1 m from BBO2) in order to minimize the number of collected modes. Notice that the number of temporal modes, which is evaluated from the marginal detected-photon number distribution, cannot be reduced at will. The only way to reduce the number of modes is to select a single spatial mode, which involves the challenging matching of the collection areas in signal and idler. The possible mismatch between the collection areas results in an effective detection efficiency, reduced with respect to the nominal efficiency of the detectors, which can be estimated through the level of noise reduction R = σ 2 (s−t)/ s+t = 1−η [42] exhibited by two beams. For our beams we obtain, without noise subtraction, η ∼ 0.06. The light passing the pin-holes was coupled to two multimode optical fibers and delivered to the detectors, whose outputs were amplified (preamplifier A250 plus amplifier A275, Amptek), synchronously integrated (SGI, SR250, Stanford), digitized (ATMIO-16E-1, National Instruments) and, finally, processed off-line. Each experimental run was performed on 50 000 subsequent laser shots at fixed values of the pump intensity.
As a first test of the correctness of our multimode description we checked the expression of p 12 (s, t) against data: in Fig. 2 we report the experimental joint probability distribution superimposed to the theoretical one, evaluated for the experimental values of the parameters (panel The experimental results fit the theory very well and the fidelity st p th 12 (s, t)p exp 12 (s, t) exceeds 0.99 for the whole range of parameters. We also notice that the marginal probability distributions p 1 (s) and p 2 (t), are multithermal distributions as it has been already observed in experiments performed at different intensity regimes [42, 48, 49] .
In Fig. 3 we report the photon distributions p 1|2 (s|T ) = Tr 1 [̺ T Π s ] of conditional states as obtained from the state in Fig. 2 (a) finally, panel (c) those for ̺ (−) * (t * = 8 and t * = 15). We notice that (i) the results are in excellent agreement with theory and (ii) despite the small value of effective quantum efficiency the "conditioning power" of the measurement (i.e. the differences between the conditional states and the corresponding original ones) is appreciable. This is clearly illustrated by the behavior of the mean values of the distributions, which are reported in panel (d) of Fig. 3 as a function of either the conditioning value or the threshold: the experimental data are in excellent agreement with the predictions for M t .
In Fig. 4 we show the results for another dataset having similar mean value and a considerably lower number of modes. We note that the results are again in excellent agreement with theory and the efficacy of the "conditioning power" of the measurement is more evident with respect to the case of a larger number of modes.
The nonGaussian character of the conditional states may be foreseen from the deviation of the detected-photon statistics from that of the original state. However, the shape of the distributions (not too different from the unconditioned ones) and the low value of the quantum efficiency anticipate that the amount of nonGaussianity will be unavoidably small. In order to assess the performances of our scheme we focus on the conditional state ̺ t and use the nonGaussianity measure
is the Von Neumann entropy of the state ̺ and τ is the Gaussian reference state of ̺, i.e., a Gaussian state with the same mean value and covariance matrix as ̺. δ has been proved to be a proper measure of nonGaussianity [51] , as well as a critical parameter to asses nonGaussianity as a resource [52] . In our case τ is a factorized thermal state with M t /ηµ mean photons per mode [51] and the Von Neumann entropy of the conditional state is given by S[̺ t ] = − ∞ γ=0 γ+µ−1 γ w t (γ) log w t (γ). By using the above expression and the Von Neumann entropy of a factorized thermal state, we evaluate the nonGaussianity and normalize its value to that of a maximally nonGaussian state for the same mean number of photons and modes, p-3 A. Allevi et al. i.e., a factorized Fock state [51] . The renormalized nonGaussianity δ R [̺ t ] is reported in Fig. 5 for different values of the experimental parameters.
As it is apparent from the plots the renormalized nonGaussianity δ R is a decreasing function of the energy of the conditional state and of the number of modes. The effect of the quantum efficiency is more relevant for large number of modes and large energy. As it concerns the conditioning value t of detected photons, we see that δ R monotonically increases with t, again with the quantum efficiency playing a major role for large number of modes. Overall, the goal of achieving high nonGaussianity requires a small number of modes or, at fixed number of modes, a high value of the quantum efficiency. Since the pulsed nature of the PDC pump unavoidably leads to a multimode output, the performances of the present source in the generation of nonGaussian states may be improved by increasing the overall quantum efficiency, i.e. the matching of the collection areas in signal and idler beams.
In conclusion, we have suggested and demonstrated a novel bright source of nonclassical states based on multimode spontaneous PDC and conditional intensity measurements. We have developed a theoretical model based only on experimentally accessible quantities and derived closed formulas for the detection probability, the conditional states and the corresponding nonGaussianity. We have compared our predictions with experimental data and found an excellent agreement in the whole range of accessible experimental parameters. Our results clearly indicate the possibility of quantum state engineering with multiphoton/multimode conditional states using mesoscopic photon counting and multimode pairwise correlated states. This work has been partially supported by the CNR-CNISM agreement. 
